Connexins are the protein subunits of intercellular gap junction channels. In mammals, they are encoded by a family of at least 15 genes, which show cell-type-specific but overlapping patterns of expression. Mice lacking connexin43 (Cx43) die postnatally from obstruction of the right ventricular outflow tract of the heart. To discriminate between the unique and shared functions of Cx43, Cx40 and Cx32, we generated two 'knock-in' mouse lines, Cx43KI32 and Cx43KI40, in which the coding region of the Cx43 gene was replaced, respectively, by the coding regions of Cx32 or Cx40.
Background
Connexins are the protein subunits of gap junction channels, which allow the direct exchange of ions, metabolites and second messengers up to a molecular mass of 1000 Da between the cytoplasmic compartments of cells. These proteins can assemble into homomeric or heteromeric hemichannels that dock with hemichannels of the same or different connexin composition in the plasma membrane of the neighboring cell to form functional homotypic or heterotypic channels, respectively [1, 2] . In rodents, connexins are encoded by a family of at least 15 genes ( [3] and other references therein), which have a distinct, but overlapping pattern of expression, with most cell types expressing more than one connexin isoform. Gap junction channels composed of different connexin isoforms differ from each other in unitary conductance and permeability to tracer molecules as well as electrical and chemical gating [4] . The multitude of connexin isoforms, their expression pattern and biophysical properties suggest a high degree of functional specialization. Despite the panoply of functions attributed to gap junctional intercellular communication, targeted deletion of various connexin genes in mice has led to rather restricted phenotypic alterations that do not necessarily correlate with the level or time of expression of the corresponding connexin, suggesting functional redundancy among connexin isoforms [5, 6] .
To test this hypothesis, we have generated mice with targeted replacement of the connexin43 (Cx43) coding region by the coding regions of connexin32 (Cx32) or connexin40 (Cx40). In wild-type mice, Cx43 is most abundantly expressed in the heart [7] but also in a large variety of other tissues. Cx43-deficient embryos show germ-cell deficiency [8] and die perinatally from obstruction of the right ventricular outflow tract of the heart [9] . Cx32 is the major gap junction protein of the liver [10] . Cx32 is also expressed in Schwann cells [11] and several other cell types but not in the heart, whereas Cx40 is abundantly expressed in atrium and conductive myocardium [12] , endothelium and smooth muscle cells [13] .
Neither Cx32 nor Cx40 hemichannels will form functional heterotypic channels with Cx43 hemichannels that will allow the transfer of tracer molecules in transfected HeLa cells [1] . In the heart, it was thought that this incompatibility explains why working myocardium, which expresses Cx43, is electrically isolated from conducting myocardium, which expresses Cx40, but recent findings suggest that both tissues are separated by a layer of Cx45-expressing cells [14] . Furthermore, heterotypic electrical coupling has been observed between Cx43-expressing RIN and Cx40-expressing HeLa cells [15] . Cx32 channels, which have not been associated with electrical signal propagation in vivo, have a maximal single-channel conductance of 35 pS, compared with 57 pS for Cx43 channels and 158 pS for Cx40 channels. Cx40 is needed for fast propagation of electrical excitation of the atria and conductive fibers of the heart as Cx40-deficient mice show a significant prolonging of several atrial and ventricular electrocardiogram (ECG) parameters [16, 17] . All three channels show a comparatively low voltage dependence. While gating of Cx40 and Cx43 channels could respond to changes in intracellular pH within a physiological range, this is unlikely to be the case with Cx32 channels. Although selectivity is low for gap junction channels in general, Cx40 and Cx43 channels have a slightly higher permeability to chloride when compared with potassium ions; Cx32 channels do not exhibit significant selectivity [1, 7, 18, 19] .
Results and discussion

Targeted replacement of the Cx43 coding region by the coding regions of Cx32 or Cx40
To generate the mouse mutant lines Cx43KI32 and Cx43KI40, in which Cx43 was replaced by Cx32 or Cx40, respectively, we used the double-replacement strategy shown in Figure 1 . First, the cx43 open reading frame was replaced by a hypoxanthine-guanine phosphoribosyl transferase (hprt) mini-gene under the control of a phosphoglycerate kinase (PGK) promoter in hprt-deficient HM1 embryonic stem (ES) cells. This hprt cassette was then replaced by the open reading frame of cx32 or cx40 in the second recombination event (Figure 1b,c) . One ES cell clone of each line gave rise to chimeras that transmitted the mutant allele through the germ line when injected into blastocysts. Mice heterozygous for the Cx43KI32 or Cx43KI40 alleles were viable and gave birth to viable, homozygous mutant offspring when crossed, as demonstrated by Southern blot and PCR analysis (see Supplementary material).
Northern blot analysis of adult organs showed that the wild-type cx43 transcript decreased consistently in heterozygous mutants and was absent in homozygous mutants of both lines (see Supplementary material). Concomitantly, the abundance of the recombinant cx43 transcripts increased in a gene-dosage-dependent manner. While the Cx43KI32 transcript was easily distinguishable from the endogenous cx32 transcript, the signals of the recombinant Cx43KI40 and the endogenous cx40 transcript could not be resolved by northern blot analysis. Thus, replacement of wild-type cx43 by recombinant transcripts was confirmed by reverse transcription coupled to PCR (RT-PCR, see Supplementary material). To determine whether the overall transcription level of the cx43 locus was affected by the mutations, northern blots were reprobed with the cx43 3′ untranslated region (UTR), which was not affected by the replacements. Interestingly, this revealed a decreased amount of cx43 mRNA in the brains of heterozygous and homozygous Cx43KI32 mice, and hearts of heterozygous and homozygous Cx43KI40 mice. Western blot analysis of heart (Cx43KI40) and brain (Cx43KI32) demonstrated that Cx43 protein was lost and the recombinant transcripts were translated in heterozygous and homozygous mutants of both lines in a gene-dosage-dependent matter (see Supplementary material). Immunofluorescence analyses of adult ventricular myocardium further revealed that ectopically expressed Cx32 and Cx40 co-localized with Cx43 at the intercalated discs of heterozygous Cx43KI32 and Cx43KI40 hearts (see Supplementary material). For Cx43, it has been reported that interaction with the tight junction protein ZO-1 leads to preferential localization of Cx43-containing channels at the intercalated discs of cardiomyocytes in the heart [20] . Interestingly, such interactions have not been reported for Cx32 or Cx40. This suggests additional mechanisms for subcellular distribution of gap junction channels that are at least partially independent of the connexins involved.
Viability and general appearance of Cx43KI32 and Cx43KI40 mice
Although some homozygous mutants of both lines survived to adulthood, about 40% of them were lost between birth and 21 days post partum (dpp; Figure 2a ). When both parents were heterozygous Cx43KI40 mutants, their pups were preferentially lost 5 days after birth. No marked decrease in postnatal survival was observed when the father or the mother was wild type (Figure 2b ). Thus, postnatal lethality correlated with the occurrence of homozygous Cx43KI40 animals in the litters. In contrast, preferential loss of homozygous Cx43KI32 animals correlated with general high mortality in the offspring of heterozygous Cx43KI32 parents, which was first observed after 8 dpp. This high mortality correlated with the maternal genotype being heterozygous Cx43KI32 rather than the occurrence of homozygous mutants in the offspring. When both parents were heterozygotes, the onset of pup loss was more abrupt (Figure 2b ). While heterozygotes of both lines were indistinguishable in their appearance from controls, adult (> 10 weeks) homozygous males and females weighed less than their wild-type brothers and sisters. Homozygous Cx43KI32 males and females were, respectively, 56% ± 15% and 77% ± 17% the weight of wild-type males and females; homozygous Cx43KI40 males and females were, respectively, 69% ± 8% and 73% ± 18% the weight of wild-type males and females (n > 9).
Seven out of 76 homozygous Cx43KI32 but no homozygous Cx43KI40 mice (n = 50) displayed uni-or bilateral cataracts of the lens at the age of weaning. It has been reported that newborn mice lacking Cx43 have structural defects in the lenses that most likely would lead to cataracts in adult mice [21] . This suggests that, while Cx40 can functionally replace Cx43 in the lens, Cx32 can only partially compensate for Cx43 deficiency. The low frequency of cataracts in homozygous Cx43KI32 mice suggests additional etiological factors in cataractogenesis. Indeed, affected animals were particularly small and malnourished.
Dominant impairment of mammary function in Cx43KI32 mice
The generally high and genotype-independent mortality among the pups of heterozygous Cx43KI32 mothers was accompanied by decreased postnatal growth of the pups, suggesting that the pups died from starvation ( Figure 2c ). This phenomenon was not observed with wild-type or heterozygous Cx43KI40 mothers under the same conditions (Figure 2c ), and has not been reported for heterozygous Cx43-deficient (cx43 +/-) mice [9] , confirming the dominant and allele-specific mode of inheritance. Maternal behavior of heterozygous Cx43KI32 mothers did not differ from controls. Thus, pups were groomed properly, were usually found in the nest and were quickly brought back when placed outside of it. No obvious difference was observed in the frequency or time mothers were found on their litter with the pups attached to the nipples. Furthermore, pups in general survived when fostered by lactating wild-type mothers.
Although these observations suggested impaired mammary function, the glands developed normally throughout the reproductive cycle and ample amounts of milk were found in the alveoli after the onset of lactation (data not shown). Histological analysis of heterozygous Cx43KI32 mothers (9 dpp, 8 pups) confirmed secretory transformation of alveolar epithelium indicative for normal milk production. The alveoli appeared dilated, however, and the epithelium was flattened when compared with wild-type controls under the same conditions ( Figure 3 ). Both the presence of milk and the histological features suggested that milk Wild-type allele:
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HindIII (4.6 kb) ejection rather than milk production was impaired in heterozygous Cx43KI32 mothers. This hypothesis is in line with the expression of Cx43 in myoepithelial cells in the alveolar periphery, whereas Cx32 and Cx26 are expressed in mammary epithelium [22] . Furthermore, it has been shown that Cx43 is hyperphosphorylated with the onset of lactation in rats, implying functional involvement of Cx43-mediated coupling between myoepithelial cells for milk ejection [23] . It could be hypothesized that Cx40, but not Cx32, could respond in a similar way to upstream regulatory signals that lead to phosphorylation of Cx43. Nevertheless, as neither Cx43 nor Cx40 hemichannels can form functional heterotypic channels with Cx32 or Cx26 hemichannels [1] , functional impairment of the mammary gland could also be due to aberrant coupling of the epithelial and the myoepithelial compartment of heterozygous Cx43KI32 mice, which may not occur in heterozygous Cx43KI40 mice.
Defective milk ejection leading to early postnatal death of the litters has also been observed in mice deficient for oxytocin, which triggers contraction of myoepithelium in response to suckling of the pups [24] . Thus, replacement of Cx43 by Cx32 in heterozygous Cx43KI32 mutant mice could also reduce oxytocin release from the posterior pituitary. Interestingly, in the supraoptic nucleus where the soma of oxytocinergic neurons reside, Cx43 and Cx32 are expressed in neighboring astrocytes and neurons, respectively [25] . Around the onset of lactation, this area undergoes morphological reconstruction, which could be hampered by aberrant coupling between the two cell populations. Further analysis will be needed to pinpoint the defect in the mammary glands of Cx43KI32 mice, which could provide a model system to prove the functional significance of hemichannel incompatibility in vivo.
Infertility of homozygous Cx43KI32 and Cx43KI40 males
In homozygous mutants of both lines, all organs were smaller than in controls but proportional to the reduced body size of these mice. Histological analysis of lung, thymus, thyroid, pancreas, gastrointestinal tract, liver, kidney, adrenal gland, brain, pituitary and uterus did not reveal any pathological differences between heterozygotes and homozygotes of both lines when compared with wild-type controls. The testis in homozygotes, however, was more hypotrophic compared with other organs, reaching less than 20% of the testis weight (relative to body weight) of controls. Testis weights (in mg) relative to body weight (in g) were: wild-type littermates (controls), 3.93 ± 0.32 mg/g; heterozygous Cx43KI32, 3.59 ± 0.46 mg/g; homozygous Cx43KI32, 0.76 ± 0.15 mg/g; heterozygous Cx43KI40, 3.71 ± 0.92 mg/g; homozygous Cx43KI40, 0.65 ± 0.12 mg/g (n > 12).
Secondary spermatogonia and further differentiated stages of spermatogenesis were completely absent. Primary spermatogonia were present, but in severely reduced numbers. Most of the lumen of the seminiferous tubules was occupied by Sertoli cells (Figure 4 ). Germ-cell deficiency could be traced back to gonads of male embryos at embryonic day (E) 17.5 ( Figure 5 ) and E14.5, the earliest stage analyzed. In contrast, ovaries of homozygous adult females of both lines were smaller than controls, but proportional to body size and showed all stages of follicular maturation and ovulation albeit at reduced numbers. The corresponding embryonic gonads at E17.5 and E14.5 did not reveal germ-cell deficiency (data not shown). Although ovaries appeared histologically normal, after routine mating to stud males, only two of seven homozygous Cx43KI32 females gave birth to single fully developed pups that were born dead and none of five homozygous Cx43KI40 females showed signs of pregnancy or delivered litters. Cx43 is expressed in the myometrium, mainly around labor and could be involved in labor contraction [26] . At present, it is unclear whether this reduced female fertility correlates directly with the mutation or is a consequence of the markedly reduced weight and the general status of homozygous mutants of both lines. In contrast, embryos of both sexes of homozygous Cx43-deficient (cx43 -/-) mice show severe germ-cell deficiency that can be traced back to E11.5, before the onset of overt sexual dimorphism; although these mice die early after birth, organ culture of ovaries suggests that female infertility results from arrest of folliculogenesis at the stage of primary follicles [8] . Thus, while Cx32 and Cx40 can at least partially compensate for the loss of Cx43 in homozygous Cx43KI32 and Cx43KI40 females, this is not the case in the corresponding males, suggesting different requirements for gap junctional intercellular communication after the onset of sexual differentiation of the gonads around E12.5 and before male and female primordial germ cells undergo, respectively, mitotic and meiotic arrest [27] . At present, these different requirements cannot easily be correlated with differences in biophysical properties of both Cx32 and Cx40 in comparison with Cx43. Thus, while Cx32 forms channels with lower unitary conductance and high selectivity for certain tracers, Cx40 channels have higher unitary conductance and show no obvious selectivity for tracers [1, 7, 18] . Alternatively, male germ-cell deficiency could arise from loss of heterotypic coupling between Cx43-expressing cells and cells expressing a connexin compatible with Cx43 but not compatible with Cx32 or Cx40. The situation is complicated by the observation that Cx43 is expressed in most cell types of testis and granulosa cells and oocytes of ovaries [28, 29] , making it difficult to attribute the defect to a single cell population.
Effect on cardiac morphogenesis of replacing Cx43 with Cx32 or Cx40
Cx43 is the most abundantly expressed connexin isoform in the mouse heart. Its loss in Cx43-deficient mice results in dysmorphogenesis and obstruction of the right ventricular outflow tract, leading to early postnatal death [9] . Histological comparison of Cx43KI32 and Cx43KI40 hearts with wild-type and Cx43-deficient controls ( Figure 6 ) revealed that hearts of homozygous Cx43KI32 neonates showed similar morphogenetic defects to those of Cx43-deficient mice, but to a much lesser extent. The contour of the right ventricular outlet around the pulmonary valve bulged outwards. The myocardial wall at the distal portion of the right ventricle was composed of a thin, irregular, compact layer and haphazard trabeculae forming abnormal spaces. No other abnormalities were seen. In contrast, the hearts of homozygous Cx43KI40 neonates were comparatively normal. The distal right ventricle had rather regular myocardial architecture. No abnormal pouches with irregular trabeculae were seen. The right ventricular outlet was smooth. Only some of the hearts of Cx43KI40 neonates showed a mild hypertrophy, whereas adult hearts of hetero-and homozygotes of both lines did not differ macroscopically from wild-type controls. Thus, Cx32 and Cx40 differed in the extent that they could substitute for Cx43 in heart morphogenesis. In mice with Cx43 deficiency or in those overexpressing Cx43 in neural crest cells, the cardiac dysmorphogenesis correlates with aberrant migratory behavior and cardiac abundance of a subpopulation of neural crest cells that contributes to heart development, suggesting that the strength of Cx43-mediated intercellular coupling between these cells and the consequently affected migratory behavior is responsible for the observed cardiac defects [30, 31] . This view is partially supported by our results, as the phenotypic alterations observed correlated with the smaller unitary conductance of Cx32 channels and the higher unitary conductance of Cx40 channels. However, provided that the abundance of both Cx43 and replacing Cx32 protein is comparable in cx43 +/+ and homozygous Cx43KI32 mice, respectively, overall coupling in homozygous Cx43KI32 mice should be similar to that in cx43 +/-mice. Nevertheless, the defects observed in cx43 +/-hearts [26] were less pronounced than in homozygous Cx43KI32 hearts, suggesting that not only differences in unitary conductance but also selective permeability could contribute to the effect.
Electrophysiological characterization of adult hearts
Cx43 is the major connexin of mouse ventricular myocardium and its replacement by connexins with higher (Cx40) or lower (Cx32) unitary conductance was expected to affect ventricular conductance parameters. Thus, ECG recordings were performed on adult Cx43KI32 and Cx43KI40 mice and conduction parameters determined as before [32] . No significant differences (p < 0.05) in ECG parameters were found in hetero-and homozygous Cx43KI32 and Cx43KI40 mice, compared with wild-type controls of the same genetic background (see Supplementary material). Thus, overall conductance within the myocardium appears to be rather independent of unitary conductance of the contributing channels and overall coupling between myocytes. This view is supported by the demonstration that cx43 +/-mice, although expressing only about 50% of Cx43 protein compared with controls, do not show any significant alterations in basic conductance parameters [33] , although others reported significant differences between hearts of cx43 +/-and wild-type controls of the same genetic background [34] .
Whereas no arrhythmias were observed in wild-type mice, spontaneous singular premature ventricular beats and atrioventricular dissociations were most frequently detected in hetero-and homozygous Cx43KI40 mutant mice (Table 1) . Polymorphic non-sustained ventricular tachycardia could be reproducibly induced in one homozygous Cx43KI32 mutant mouse. These data suggest that the substitution of Cx43 by Cx40, and less prominently by Cx32, influence the uniformity and perhaps anisotropy of the ventricular myocardium, predisposing to ventricular vulnerability. As anisotropy is a result of preferential localization of gap junctions to specialized membrane domains, this could most easily be explained by aberrant subcellular localization of the replacing connexins in ventricular myocytes. Although immunofluorescent analysis suggest a similar subcellular localization of Cx43 and the replacing connexins in Cx43KI32 and Cx43KI40 mice, aberrant localization of single gap junctions channels cannot be revealed by this method. The incompatibility between Cx43 and Cx40 hemichannels has been suggested to contribute to insulation of Cx40-expressing conductive myocardium against Cx43-expressing working myocardium [35] . Following this hypothesis, ectopic expression of Cx40 in ventricular myocytes could result in uncontrolled spreading of the excitatory wavefront over the ventricle. Recent results showing that Cx40-expressing conductive tissue in rodents is separated from Cx43-expressing working myocardium by a sheath of Cx45-expressing cells do not support this hypothesis [14] . Thus, it is unlikely that a short circuit between conductive and working myocardium in Cx43KI40 mice is responsible for ventricular vulnerability.
After experimental induction of ischemia, the hearts of cx43 +/-mice show twice as many spontaneous ventricular tachyarrhythmias and an increased number of premature ventricular beats [36] . As one aspect of ischemia is intracellular acidification, and Cx43, Cx32 and Cx40 channels differ in their responsiveness to intracellular pH [19, 37, 38] , it will be interesting to monitor ventricular arrhythmic events in Cx43KI32 and Cx43KI40 mice under ischemic conditions.
Conclusions
These results suggest that some of the intercellular-communication functions mediated by gap junctions in vivo are highly dependent on Cx43 as the channel-forming protein, whereas others can be compensated to a variable extent by Cx32 or Cx40. Although heart electrophysiology was almost refractory to replacement of Cx43 by Cx40 or Cx32, male fertility and, possibly, the control of body size have a high requirement for Cx43. Differences in the ability of Cx32 and Cx40 to replace Cx43 became obvious in mammary function and heart morphogenesis, with Cx40 being the better replacement, and in ventricular vulnerability, as Cx43KI32 mice had a lower susceptibility for arrhythmias. Regarding the viability of Cx43KI32 and Cx43KI40 mice and the widespread expression of Cx43 in many cell types and tissues, Cx32 and Cx40 can most likely compensate for the loss of Cx43 in further functional aspects. As impaired mammary function was the only example of obvious dominant phenotypic alterations that we found in both lines, the role of hemichannel incompatibility in the formation of communication compartments might be less frequent than expected. Our results suggest that the diversity of connexin genes results from the need for functional specialization of gap junctional intercellular communication in certain cell types and tissues. Apart from this specialization, other functional requirements of intercellular coupling can possibly be met by most, if not all, connexin isoforms.
Targeted mutagenesis in mice to replace wild-type connexins by mutant derivatives with subtly altered biophysical properties should allow detailed analysis of the relationship between structure and function of connexins in vivo.
Modeling of human connexin mutations in mice could enhance our understanding of connexin-related diseases and provide useful animal models for preclinical evaluation of therapeutic approaches.
Materials and methods
Generation of mice and confirmation of mutation
Genomic 129/Sv mouse DNA spanning about 12 kb of the cx43 locus was isolated from a recombinant lamda phage library (Stratagene) using an EcoRI-AccI fragment previously isolated by [39] as a probe. All three targeting constructs were based on a pBluescriptII SK+ vector backbone (Stratagene) and used a 5 kb SacI-HincII fragment and a 1635 bp ClaI-AvaI fragment as 5′ and 3′ homologous regions, respectively. Thus, a region of 1573 bp extending from 397 bp upstream of the start codon to 30 bp downstream of the stop codon of the cx43 coding region was obtained. In the vector pCx43KIhprt that was used to label the cx43 locus in the first step of double replacement, this region was replaced by an hprt mini-gene under control of the PGK promoter. Additionally, a PGK-hsvtk cassette was placed downstream of the 3′ homology region.
In the vector pCx43KI32, the same region was replaced by a genomic fragment of the mouse cx32 gene [40] extending from 158 bp upstream of the cx32 start codon to 171 bp downstream of the stop codon of the cx32 coding region. To generate the vector pCX43KI40, the cx32 fragment of pCx43KI32 was replaced by a 1650 bp AccI fragment spanning the region from 270 bp upstream of the start codon to 70 bp downstream of the stop codon of the cx40 coding region, previously isolated from a mouse genomic DNA phage library [39] .
Double replacement in hprt-deficient HM1 ES cells with SacI-linearized vectors was carried out as described [41] . Successfully recombined clones were injected into C57Bl/6 blastocysts as described elsewhere [27] to generate chimeras that were subsequently tested for germ-line transmission of the mutated alleles by mating to C57Bl/6 mice. All analysis was thus carried out on a mixed 129/C57Bl/6 genetic background using littermates as controls wherever possible. Mice were kept under standard housing conditions with a fixed 12 h/12 h light/dark cycle and food and water ad libitum. To ensure survival of litters of heterozygous Cx43KI32 mothers, despite functional impairment of the mammary gland, cross-fostering by wild-type siblings of the mothers mated to the same males was allowed. All experiments were carried out according to the German law for protection of animals and with prior permission by the district government. Mutated alleles, their transcription and translation were confirmed by Southern blot/PCR analysis, northern blot/RT-PCR analysis and western blot/immunofluorescence analysis as described in the Supplementary material.
Histological analysis
Tissue samples from the adult mouse were fixed in PBS-buffered 3% (w/v) formaldehyde for 48 h. For neonatal hearts, thoraxes were prepared free of skin and muscles, incised along the sternum and fixed for 12 h in ice-cold acetone:methanol:water (4:4:2 volume/volume). Samples were dehydrated in a graded series of ethanol, embedded in Paraplast TM plus (Sherwood Medical Co.), and sectioned (3 µm or 7 µm). Sections were dried for 12 h, deparaffinized with xylol, and hydrated in a graded series of ethanol. They were stained with hematoxylin and azophloxine or eosin, dehydrated in ethanol, cleared in xylol and mounted in Entellan TM (Merck) or Pertex TM (Medite).
ECG recordings
ECG recordings were carried out and analyzed as described [32] .
Supplementary material
Supplementary material including additional methodological detail and two figures showing genotype analysis of mice and immunofluorescent analysis of ventricular myocardium and a table listing the heart conduction parameters as determined by ECG recordings of Cx43KI32 and Cx43KI40 mice is available at http://currentbiology.com/supmat/supmatin.htm.
